Scheme 1 Structure of cholesteryl oleyl carbonate
Introduction
Recently, mechanoresponsive color tuning materials have attracted extensive attention in sensing materials to provide a platform for the in situ monitoring of mechanical strains by stretching or compressing. Attempts have been made to create these materials by polymer chains covalently bonded with mechanophores [1, 2] , polymers blended with chromophores [3] , colloidal crystal assemblies [4] [5] [6] , or polymeric hydrogels containing self-assembled polymeric surfactants [7] . The colloidal crystal and surfactant bilayer assemblies, have periodic structures, which can generate iridescent colors of structural origin based on the Bragg diffraction. For these materials, the discoloration results from a change of the periodic structures by their deformation.
Cholesteric liquid crystal (CLC) has been extensively studied because of possessing a wavelength-selective reflection property, originating from its periodic helical structure [8, 9] . According to Bragg's equation λ=np, the reflection light wavelength λ from CLC is determined by the average refractive index (n) of the medium and the pitch length (p) which is the distance of the helical structure undergoing a 360° twist shown in Figure  1 [10] . If the pitch length of the CLC is around the wavelength of the visible radiation, selective reflection of visible light can be obtained. As long as there is a temperature range in which CLC behave as a liquid crystal, the color change in CLC has been observed through the change in temperature [11, 12] . The wavelength of the reflected light tends to decrease when the temperature is raised as the pitch length decreases.
In addition, the trace amount of an organic vapor affects the pitch length by its insertion between the layers of CLC, resulting in color change [13, 14] .
Some cholesterol derivatives exhibit selective reflective optical properties by formation of cholesteric phase in the bulk [15, 16] . Cholesteryl oleyl carbonate (COC) is one of the most popular cholesterol derivatives because it has a high temperature coefficient of the selective reflectance around room temperature [17] . The structural formula is shown in scheme 1. For COC, the pitch length and color can be expected to change in response to mechanical deformation at room temperature.
In this communication, we present a reversible mechanoresponsive color tunable material with rapid responses for mechanical stimulus by deposition of a COC molecule on a rubber sheet (COC film) as shown in Figure 2 . This fabrication process is simpler than those for other mechanochromic responsive materials. Discoloration of COC film was evaluated through visual observation during stretching and unloading. In addition, the durability and reversibility of color changes of the film upon consecutive mechanical deformation are also demonstrated. 
Experimental
2.1 Materials and apparatus COC and chloroform were purchased from Tokyo Chemical Industry Co. Ltd. and used as received. Temperature was measured by a Sato Keiryouki SK-8940 infrared thermometer.
Preparation of a COC film
A solution of COC was prepared using chloroform as the solvent at a concentration of 0.67 g/mL. A black rubber sheet was used as substrate for preparation of a COC film. The COC solution (100 µL) was deposited on the surface of the black rubber sheet. The COC film was obtained by evaporating chloroform at room temperature for 1 hour. The COC film was an elliptical shape of 25 mm in long axis.
Mechanochromic-responsive property
The black rubber sheet with COC film was taken a firm grip on its both sides with both hands, and then was initially stretched slowly to a predefined mechanical strain (ε = 1.5) in the horizontal direction with both hands and after 10 seconds releasing to zero strain. The strain is defined as ε = (L -L 0 )/L 0 as shown in Figure 2 . Discoloration of COC film was evaluated through visual observation during stretching and releasing. Intermission between two cycles was 10 sec in cycle test.
Results and discussion
COC was dissolved in chloroform at various concentrations ranging from 0.16 to 1.00 g/mL in order to find an optimum concentration of COC solution. The COC film was colorless just after casting the COC chloroform solution on the black rubber sheet, but it exhibited brilliant color when it was in dry state. The COC film formed from 0.67 g/mL solution showed clearest color at 22 °C.
The influence of temperature on coloration for the COC film was first confirmed from 20 to 23°C without stretching process. The color of the film shifted from colorless (20.0~20.5°C), red (21.0°C), yellowish green (21.5°C), blue (22.0°C) to colorless (23.0°C) with the increase in temperature. The color change could lead to a decrease in the helical pitch as previously reported [11, 12] . Figure 3 shows the photographs of the film taken at different tensile strains at 20.5°C. The color alteration during the uniaxial stretching process could be judged by visual measurement. The COC film was stretched from original length up to ε = 1.5. The film, which is almost colorless without stretching, shows color at low tensile strain, and the color changes from brownish orange (ε = 0.3) to deep-blue (ε = 1.5) with the gradual increase in tensile strain. It seems reasonable to assume that the reflection peak shifts from longer to shorter wavelength in accordance with the blue shift of color with the gradual increase in strain. After releasing the stress, the film reverted to almost its original length and color. This indicates the COC film has very good reversible changes of color and dimension. Since the horizontal stretching of the film to a deformation results in the decrease in film thickness, the helical pitch is predicted to decrease with increasing the film elongation as shown in Figures 1 and 2 , if the stacked planes of CLC molecules are parallel to the rubber sheet. Consequently, it is likely that blue shift of color is observed due to the reflection of lower wavelength light during stretching. The film displays progressively color changes from brownish-orange to deep-blue during stretching and gradually recovers after releasing. The color tuning phenomenon can be repeated for many times during stretching and releasing. Figure 4 shows dependence of color tuning property of the film on the cycle number of stretch-release. Even at 100 cycles, the film exhibited clear deep-blue at strain (ε = 1.5). Between 200 and 300 cycles, stretched film showed various colors containing deep-blue, light-blue, and yellow. The discoloration gradually started from 400 cycles and the film could not perform reversible color change during stretching after 600 cycles. As a result, the COC film can be subjected to stretching-releasing cycles without significant loss in optical characteristics up to 100 cycles. The changes of its color and dimension are reversible. Fig. 4 . Photographs of the COC films stretched to strain ε = 1.5 at various repeated stretching and releasing cycles at 20.5°C.
In summary, we have demonstrated that the cholesteric liquid crystal film deposited on the rubber sheet exhibits tunable, reversible and repeatable mechanochromic-responsive property, and the color can be tuned across wide visible region from brownish-orange to deep-blue. The preparation process is very simple and can be used for mass production. The mechanochromicresponsive films have potential for various applications in new mechanical sensors because of their color-tuning capability ε = 0 0. 3 
